All relevant data are within the paper.

Introduction {#sec001}
============

Obesity is a complex disease characterised by excessive accumulation of adipose tissue that affects 30% of the world population and 10.5 million Brazilians \[[@pone.0138605.ref001],[@pone.0138605.ref002]\]. Obesity is a consolidated nutritional problem associated with insulin resistance, type 2 diabetes mellitus, dyslipidaemia, some types of cancer and cardiovascular diseases \[[@pone.0138605.ref003],[@pone.0138605.ref004]\].

Clinical research shows that excess fat causes cardiac abnormalities such as haemodynamic, morphologic and functional changes that correlate with the duration and intensity of obesity \[[@pone.0138605.ref005],[@pone.0138605.ref006]\]. Within this context, experimental obesity using genetic models \[[@pone.0138605.ref007],[@pone.0138605.ref008]\] or dietary manipulations \[[@pone.0138605.ref009]--[@pone.0138605.ref012]\] has become an important alternative for the study of obesity and cardiac function.

Several studies have shown that obesity induced by different types of high-fat diets and/or highly energetic diets promotes myocardial dysfunction in rodents \[[@pone.0138605.ref010],[@pone.0138605.ref013],[@pone.0138605.ref014]\]. In contrast, others authors have demonstrated that high-fat feeding was not sufficient to cause significant cardiac abnormalities \[[@pone.0138605.ref009],[@pone.0138605.ref015]\]. Recent researches performed in our laboratory show that obese rats fed a high-fat diet for 15 weeks presented myocardial dysfunction at the baseline condition and after inotropic manoeuvres \[[@pone.0138605.ref014],[@pone.0138605.ref016]\].

Although a variety of changes and/or damage in the cardiac performance occur in both obese humans and obese rodents, the mechanisms responsible for these alterations are not well established. Several factors have been suggested as possible causes of the cardiac abnormalities in obese models \[[@pone.0138605.ref010],[@pone.0138605.ref013]\]. Among these possible causes, the βA system is an important mechanism of myocardial contraction and relaxation regulation in physiological conditions and pathological situations \[[@pone.0138605.ref016]--[@pone.0138605.ref020]\].

The beta-adrenergic (βA) pathway is composed of βA receptors (βAR) coupled to G proteins (G~s~ and G~i~), adenylate cyclase (AC) and cyclic adenosine monophosphate (cAMP) \[[@pone.0138605.ref021],[@pone.0138605.ref022]\]. The human heart contains all three βAR subtypes, β~1~AR, β~2~AR and β~3~AR \[[@pone.0138605.ref023]\]. β~1~AR is the predominant subtype in the normal myocardium, representing 75--80% of total βAR density, followed by β~2~AR, which comprises approximately 15--18% of the total cardiomyocyte βARs; the remaining 2--3% is β~3~ARs \[[@pone.0138605.ref024]\]. The principal role of βARs in the heart is the regulation of cardiac rate and contractility in response to catecholamines \[[@pone.0138605.ref024]\]. Both receptors β~1~AR and β~2~AR are coupled to G~s~ protein, activating adenylate cyclase and subsequently increasing the levels of cAMP. The accumulation of cAMP results in higher activation of protein kinase A (PKA), which triggers changes in intracellular calcium (Ca^2+^) \[[@pone.0138605.ref022]--[@pone.0138605.ref026]\]. Thus, the stimulation of β~1~ARs (mainly) and β~2~ARs (to a lesser extent) can increase cardiac contractility (positive inotropic effect), frequency (positive chronotropic effect), and rate of relaxation (lusitropic effect) \[[@pone.0138605.ref025]\].

Although the βAR and the G protein in cardiomyocytes play important functions in the regulation of cardiac performance, researches have shown that in pathological conditions, including diabetes and heart failure, changes in the expression and/or activity of βA components promote functional damage \[[@pone.0138605.ref027]--[@pone.0138605.ref033]\]. However, few studies have evaluated the βA system in experimental models of obesity \[[@pone.0138605.ref034],[@pone.0138605.ref035]\]. Carroll et al. \[[@pone.0138605.ref034],[@pone.0138605.ref035]\] showed that after 12 weeks of high-fat diet, obesity promotes a reduction in responsiveness of the isolated heart to isoproterenol, a non-selective βAR agonist, without alterations in β-receptor density and affinity in obese female *New Zealand* white rabbits.

Given the lack of studies evaluating the relationship between obesity with a high unsaturated fat diet and the β-adrenergic pathway in cardiac function, the purpose of this study was to investigate the role of β-adrenergic components on myocardial dysfunction induced by obesity. Our hypothesis is that functional impairment in obese rats is related to lower expression and/or activity of β-adrenergic receptors and reduced levels of the myocardial Gs~*α*~ protein.

Material and Methods {#sec002}
====================

Animal care {#sec003}
-----------

Thirty-day-old male *Wistar* rats (≈ 150 g) obtained from the Animal Center of Botucatu Medical School (Botucatu, São Paulo, Brazil) were housed in individual cages. The environment was controlled in terms of light (12 h light/dark cycle starting at 6 am), clean-air room temperature (23±3°C), and relative humidity (60±5%). All experiments and procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Research Council (1996) and approved by the Espírito Santo Medical School Ethics Committee (UFES, Espírito Santo, ES, Brazil) under number 017.

Experimental protocol {#sec004}
---------------------

After 7 days of acclimatization, the rats were randomly distributed into 2 groups: control (C, n = 25) and obese (Ob, n = 25). The C group was fed a standard diet (RC Focus 1765) containing 12.3% of its kcal from fat, 57.9% from carbohydrates, and 29.8% from protein. The Ob animals were fed four high-fat diets (RC Focus 2413, 2414, 2415, and 2416), only differing in their flavoring, but not different in micro or macronutrients. The high-fat diets contained 49.2% of their kcal from fat, 28.9% from carbohydrates, and 21.9% from protein as previously described \[[@pone.0138605.ref014]\]. The high-fat diets were calorically rich (high-fat diet = 3.65 kcal/g *versus* low-fat diet = 2.95 kcal/g) due to its higher fat energy (consisting of saturated and unsaturated fatty acids, which provided 20 and 80% of the fat-derived calories, respectively). Animals had free access to water and chow (50 g/day); after 24 hours the amount of diet that was not consumed was measured. At week 3 of this study, the beginning of obesity based on body weight gain was established, which was previously determined by our group \[[@pone.0138605.ref036]\]. At this time-point, the C and Ob rats were maintained on their respective diets for an additional 15 consecutive weeks.

After starting the experimental protocol, food consumption (FC), calorie intake (CI), feed efficiency (FE), and body weight (BW) were recorded weekly. CI was calculated as follows: CI = average weekly food consumption calorie value of each diet. FE (%) is the ability to convert calorie intake to BW and was determined as the mean BW gain (g)/total calorie intake (kcal) x100 \[[@pone.0138605.ref037]\].

Determination of obesity {#sec005}
------------------------

A criterion based on the adiposity index was used to determine obesity according to several authors \[[@pone.0138605.ref009],[@pone.0138605.ref038],[@pone.0138605.ref039]\]. After 15 weeks of developing obesity, animals were anaesthetised by ketamine injection (50 mg/kg) and xylazine (0.5 mg/kg), decapitated, and thoracotomised, and the fat pads of adipose tissue were dissected and weighed. The adiposity index was calculated using the following formula: adiposity index = (total body fat (BF)/final body weight) x 100. BF was measured from the sum of the individual fat pad weights: BF = epididymal fat + retroperitoneal fat + visceral fat.

Characterisation of groups {#sec006}
--------------------------

After 15 weeks of experimental protocol, a 95% confidence interval (CI) was built for the adiposity index from the Ob and C rats and was adopted as the separation point (SP) between the groups, the midpoint between the upper limit and the lower limit C of the Ob. From this point, the control animals with an adiposity index above of SP and the Ob animals with an adiposity index below the SP were excluded from the C and Ob groups, respectively, ensuring the homogeneity of the treated and control groups. This criterion was adopted because biological experimentation can occur misclassification, in other words, animals submitted to high-fat diet should be classified as obese and can exhibit characteristics of control animals. Therefore, animals submitted to different diet models do not always present the expected response. This fact can lead to erroneous animal classification and, consequently, false conclusions.

Comorbidities and hormones associated with obesity {#sec007}
--------------------------------------------------

Because the rat models of diet-induced obesity may develop some of characteristics of human obesity, such as hypertension, glucose (GL) intolerance, insulin resistance, dyslipidaemia, hyperinsulinemia, and hyperleptinemia, these were evaluated in all groups.

Systolic blood pressure (SBP) {#sec008}
-----------------------------

SBP evaluation was assessed in conscious rats by the non-invasive tail-cuff method with a NarcoBioSystems® Electro-Sphygmomanometer (International Biomedical, Austin, TX, USA). The animals were warmed in a wooden box (50 x 40 cm) between 38--40°C with heat generated by two incandescent lamps for 4--5 minutes to cause vasodilation artery tail and were then transferred to an iron cylindrical support that was specially designed to allow total exposure of the animal\'s tail \[[@pone.0138605.ref040]\]. After this procedure, a cuff with a pneumatic pulse sensor was attached to the tail of each animal. The cuff was inflated to 200 mmHg pressure and subsequently deflated. The blood pressure values were recorded on a Gould RS 3200 polygraph (Gould Instrumental Valley View, Ohio, USA). The average of two pressure readings was recorded for each animal.

Glucose (GL) tolerance {#sec009}
----------------------

Following 15 weeks of treatment, GL tolerance was evaluated by glucose tolerance test. Experiments were performed on all rats (C and Ob groups), and the animals were deprived of food for 4--6 h \[[@pone.0138605.ref041]\]. After fasting, a blood sample was collected from the tip of the tail in a heparinised tube. The basal blood GL level of each animal was immediately determined using a handheld glucometer (Accuchek Advantage; Roche Diagnostics Co., Indianapolis, IN). Subsequently, an injection of glucose solution (2 g/kg body weight) dissolved in water was administered intraperitoneally (Sigma-Aldrich®, St Louis, MO, USA), and the blood GL levels were measured after 15, 30, 60, 90, and 120 minutes \[[@pone.0138605.ref042]\].

Homeostatic model assessment index (HOMA-IR) {#sec010}
--------------------------------------------

HOMA-IR was expressed as an index of insulin resistance and calculated using the following formula: HOMA-IR = \[fasting GL (mmol/L) X fasting insulin (mU/mL)\]/22.5 \[[@pone.0138605.ref043]\]. All rats ate normally and regained their body weights within 1 day after this regimen.

Cholesterol, triglycerides, hyperinsulinemia, and hyperleptinemia {#sec011}
-----------------------------------------------------------------

At the end of the experimental period, the animals were fasted for 12--15 h, anaesthetised with an intraperitoneal injection of ketamine (50 mg/kg) and xylazine (0.5 mg/kg), and euthanised by decapitation. Blood samples were collected in heparinised tubes, and the serum was separated by centrifugation at 3000 × g for 15 minutes at 4°C and stored at -80°C until further analysis. Serum was analysed for levels of triglycerides (TG), total cholesterol (T-Chol), high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), and hormones (insulin and leptin). TG, T-Chol, HDL and LDL were measured with an automatic enzymatic analyser system (Biochemical analyser BS-200, Mindray, China). Leptin and insulin levels were determined with the enzyme-linked immunosorbent assay (ELISA) method using commercial kits (Linco Research Inc., St. Louis, MO, USA).

Post-death morphological analysis {#sec012}
---------------------------------

Rats were euthanised by thoracotomy, and the hearts, ventricles and tibia were separated, dissected, weighed and measured. Cardiac remodelling at the macroscopic level, which identifies the presence or absence of cardiac hypertrophy, was determined by analysing the following parameters: heart weight (HW), left ventricle (LV) weights, HW and LV/tibia length ratios.

Myocardial function {#sec013}
-------------------

Myocardial function was evaluated by studying isolated papillary muscles from the LV. This procedure has been utilised by various authors \[[@pone.0138605.ref014],[@pone.0138605.ref016],[@pone.0138605.ref044]\]. This preparation permitted the measurement of the capacity of cardiac muscle to shorten and develop forces independent of influences that can modify *in vivo* mechanical performance of the myocardium, such as the heart rate, preload, and afterload. Briefly, at the time of investigation, rats were anaesthetised with an intraperitoneal injection of ketamine (50 mg/kg) and xylazine (0.5 mg/kg) and euthanised by decapitation. The hearts were quickly removed and placed in oxygenated Krebs-Henseleit solution at 28°C. The LV papillary muscles from the C (n = 20) and Ob rats (n = 17) were dissected, mounted between two spring clips, placed vertically in a chamber containing Krebs-Henseleit solution (118.5 mM NaCl; 4.69 mM KCl; 2.5 mM CaCl~2~; 1.16 mM MgSO4; 1.18 mM KH~2~PO4; 5.50 mM GL, and 24.88 mM NaHCO~3~) and maintained at 28°C with a thermostatic water circulator. The bathing solution was bubbled with 95% oxygen and 5% carbon dioxide, with a pH of 7.4. The lower spring clip was attached to a 120T-20B-force transducer (Kyowa, Tokyo, Japan) by a thin steel wire (1/15,000 inch), which passed through the mercury seal at the bottom of the chamber. The upper spring clip was connected with a thin steel wire to a rigid lever arm, above which a micrometer stop was mounted for adjusting the muscle length. The muscle preparation was placed between two parallel platinum electrodes (Grass E8, GRASS Technologies, An Astro-Med, Inc. Product Group, West Warwick, RI, USA) and stimulated at a frequency of 0.2 Hz (12 pulses/min) with 5 ms square-wave pulses. Voltage was set to a value 10% greater than the minimum required to produce a maximal mechanical response.

The muscles were contracted isotonically with light loads for 60 min, loaded (50 g) to contract isometrically and stretched to the maximum of their length-tension curves. After a 5-min period during which preparations underwent isotonic contractions, muscles were again placed under isometric conditions, and the peak of the length-tension curve (*Lmax*) was carefully determined. A 15-min period of stable isometric contraction was imposed prior to the experimental period, during which one isometric contraction was then recorded. Conventional mechanical parameters at *Lmax* were calculated from isometric contraction: maximum developed tension normalised per cross-sectional area (DT \[g/mm^2^\]), resting tension normalised per cross-sectional area (RT \[g/mm^2^\]), positive (+dT/dt \[g/mm^2^/s\]) and negative (-dT/dt \[g/mm^2^/s\]) tension derivative normalised per cross-sectional area of papillary muscle (CSA).

Inotropic and lusitropic manoeuvres {#sec014}
-----------------------------------

To determine the mechanism by which obesity induces negative inotropic effects on myocardial function, the papillary muscles were evaluated under the baseline condition of 2.5 mM Ca^2+^ and after inotropic manoeuvres, namely increases in extracellular Ca^2+^ concentration (to test the effect on the myofilament machinery) and post-rest contraction (PRC), mainly related to sarcoplasmic reticulum (SR) storage and release capacity \[[@pone.0138605.ref045],[@pone.0138605.ref046]\].

Inotropic responses were recorded at 5 minutes after the addition of each dose of extracellular Ca^2+^ (0.5, 1.0, 1.5, 2.0, and 2.5 mM) to the bathing solution. PRC was studied at an extracellular Ca^2+^ concentration of 0.5 mM, where the stimulus was interrupted for 10, 30, 60 and 90 seconds before restarting the stimulation. During resting conditions, in the rat myocardium, Ca^2+^ accumulates in the SR above and beyond what accumulated during the regular stimulation, and the first beat after the rest interval (B1) is stronger than the beat immediately prior to the rest interval (B0) \[[@pone.0138605.ref047]\]. All mechanical values of manoeuvres were expressed as the mean percent of baseline data and were calculated as follows: D = (M2-M1)/M1x100, where M1 was the value in the baseline condition and M2 was the value after the inotropic and lusinotropic manoeuvres.

Analysis of β-adrenergic system {#sec015}
-------------------------------

The evaluation of the β-adrenergic system was performed with contractile responsiveness in the papillary muscle to isoproterenol and by protein expression of myocardial adrenergic receptors β~1~AR, β~2~AR and G~s~ *α*. The β-adrenoceptor system was studied to test the integrity of the beta-adrenergic complex system, sensitivity to troponin-C, and the calcium uptake by SR.

β-adrenergic receptor (βAR) responsiveness {#sec016}
------------------------------------------

β-adrenergic receptors (βAR) are important regulators of normal and pathologic cardiac function and are expressed in cardiomyocytes \[[@pone.0138605.ref048]\]. βAR receptor activity was evaluated by determining the dose-response relationship between the isoproterenol and conventional mechanical parameters of papillary muscle at *Lmax*. After baseline measurements had been determined, isoproterenol was added to the bath in the presence of 1.0 mM \[Ca^2+^\] to yield progressively increasing concentrations of 10^−7^, 10^−6^ and 10^−5^ mol/L. Contractile response stabilised approximately 3 to 5 minutes after adding each isoproterenol dose. Data were then sampled and expressed as the mean percent of stimulation (%).

At the end of the study, the parameters used to characterize the papillary muscle were length (mm), weight (mg), and CSA (mm^2^). The CSA was calculated from the length and weight of papillary muscle, assuming uniformity and a specific gravity of 1.0. The muscle length at *Lmax* was measured with a cathetometer (Gartner Scientific Corporation, Chicago, IL, USA), and the muscle between the two clips was blotted dry and weighed.

Protein expression of βAR and G~s~α {#sec017}
-----------------------------------

The myocardial levels of β~1~AR, β~2~AR and G~s~ *α* in both groups were evaluated with Western blot. Briefly, LV samples were frozen in liquid nitrogen from C (n = 7) and Ob (n = 7) rats and homogenised in a buffer containing 50 mM potassium phosphate buffer (pH 7.0), 0.3 M sucrose, 0.5 mM dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 0.3 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM sodium fluoride (NaF), and phosphatase inhibitor cocktail (1:100; Sigma-Aldrich). The samples were subjected to sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) in 8--12% polyacrylamide gels depending on the molecular weight of the protein. After electrophoresis, the proteins were electrotransferred to nitrocellulose membranes (Bio-Rad Biosciences; NJ, USA). Equal loading of the samples (50 μg) and transfer efficiencies were monitored with 0.5% Ponceau S staining of the membrane. The blotted membrane was blocked (5% non-fat dry milk, 10 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 0.1% Tween 20) for 2 h at room temperature and then incubated overnight at 4°C with specific antibodies against β~1~AR (Abcam, Cambridge, MA, USA; ab3442, 1:1000), β~2~AR (Abcam, Cambridge, MA, USA; ab36956, 1:1000) and G~s~α (Abcam, Cambridge, MA, USA; ab97663, 1:500). Binding of the primary antibody was detected with peroxidase-conjugated secondary antibodies (rabbit or mouse, depending on the protein, for 2 h at room temperature), developed using enhanced chemiluminescence (Amersham Biosciences, NJ, USA), and detected with autoradiography. β-actin was used as an internal control (Santa Cruz Biotechnology, CA, USA; SC81178, 1:1000). The blots were developed using an enhanced chemiluminescent (ECL) Super Signal® West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA) and analysed by using a densitometer (GS-710 calibrated imaging densitometer, Bio-Rad lab, CA, USA).

Statistical analysis {#sec018}
--------------------

Data from general characteristics, comorbidities, myocardial function and western blot analysis were reported as the means ± standard deviation (SD). Comparisons between the groups were performed using Student\'s t test for independent samples. Repeated-measures two-way analysis of variance (ANOVA) was used to evaluate the positive and negative inotropic effects on myocardial function and βAR responsiveness to isoproterenol. When significant differences were found (p\<0.05), Student-Newman-Keuls post-hoc test for multiple comparisons was carried out. The level of significance considered was 5% (p\<0.05).

Results {#sec019}
=======

From the exclusion criteria mentioned in the characterisation of the groups, twenty rats remained in the study in the C group (C, n = 20) and seventeen remained in the obese group (Ob, n = 17). The change in weekly weights of the groups was similar in the first two weeks of treatment; after the 3rd week, the body weights of the Ob rats were significantly higher than those of the C rats ([Fig 1](#pone.0138605.g001){ref-type="fig"}). This time was associated with characterization of initial moment of obesity. After determining the initial moment of obesity, the weight of the Ob animals remained significantly higher than that of the C animals during the 15 weeks of the experiment.

![Changes in body weight (BW) during 15 weeks of experimental protocol after the initiation of obesity at week 3.\
Data presented as the mean ± SD. \* p\<0.05 *versus* C. Two way ANOVA for independent samples and Bonferroni's post-hoc analysis.](pone.0138605.g001){#pone.0138605.g001}

The general characteristics of the animals are shown in [Fig 2A--2F](#pone.0138605.g002){ref-type="fig"}. The high-fat diet promoted a substantial elevation of body fat and adiposity index in the Ob rats compared to those of the C rats. Specifically, the Ob rats had a significantly higher final body weight (15.2%), body fat content (97.3%) and adiposity index (73.3%) when compared to the C rats, respectively ([Fig 2D--2F](#pone.0138605.g002){ref-type="fig"}). Despite the greater amount of energy from high-fat diets, the calorie intake was similar between the groups due to the reduced FC in the Ob rats compared to the C rats ([Fig 2A and 2B](#pone.0138605.g002){ref-type="fig"}). In addition, feed efficiency was higher in the Ob group (33.3%) than in the C group ([Fig 2C](#pone.0138605.g002){ref-type="fig"}).

![General characteristics of rats after 15 weeks of treatment.\
Control (C; n = 20) and obese (Ob; n = 17) groups. n = number of animals; (A) FC---food consumption; (B) CI---calorie intake; (C) FE---feed efficiency; (D) FBW---final body weight; (E) BF---body fat; (F) AI---adiposity index. Data presented as the means ± standard deviation. \*p\<0.05 *versus* C. Student's t-test for independent samples.](pone.0138605.g002){#pone.0138605.g002}

The comorbidities, hormones and cardiac morphology associated with obesity are summarised in [Table 1](#pone.0138605.t001){ref-type="table"} and [Fig 3A--3D](#pone.0138605.g003){ref-type="fig"}. There were no significant differences in the systolic blood pressure, T-Chol, HDL and LDL between the groups. In addition, the glucose tolerance profile and HOMA-IR were significantly affected by exposure to obesity (Ob \> C, p\< 0.05). Although there was no difference in glucose levels under baseline condition and after 15 and 30 minutes, Ob rats presented higher levels of glucose at 60, 90 and 120 minutes than the C rats ([Fig 3A](#pone.0138605.g003){ref-type="fig"}). Moreover, the insulin and HOMA-IR were higher in the Ob rats than in the C rats ([Fig 3B and 3C](#pone.0138605.g003){ref-type="fig"}). These findings reveal compromised GL tolerance and insulin resistance in the Ob rats ([Fig 3A--3C](#pone.0138605.g003){ref-type="fig"}). Furthermore, TG and leptin levels were higher in the Ob rats than in the C rats ([Table 1](#pone.0138605.t001){ref-type="table"} and [Fig 3D](#pone.0138605.g003){ref-type="fig"}, respectively). The cardiac morphological profile rats are displayed in [Table 1](#pone.0138605.t001){ref-type="table"}. Absolute heart and LV weights and these values in relation to tibia length were significantly elevated in the Ob compared to the C group ([Table 1](#pone.0138605.t001){ref-type="table"}).

10.1371/journal.pone.0138605.t001

###### Systolic blood pressure, lipid profile and cardiac morphology

![](pone.0138605.t001){#pone.0138605.t001g}

                                Groups        
  ----------------------------- ------------- --------------------------------------------------
  **SBP (mmHg)**                126 ± 11      131 ± 12
  **TG (mg/dL)** ^\#^           44.5 ± 15.6   69.9 ± 61.5[\*](#t001fn002){ref-type="table-fn"}
  **T-Chol (mg/dL)**            62.4 ± 11.5   67.5 ± 18.0
  **HDL (mg/dL)**               23.5 ± 3.0    26.6 ± 5.8
  **LDL (mg/dL)**               31.3 ± 5.7    36.5 ± 9.4
  **HW (g)**                    1.17 ± 0.09   1.31 ± 0.13[\*](#t001fn002){ref-type="table-fn"}
  **LVW (g)**                   0.86 ± 0.06   0.94 ± 0.08[\*](#t001fn002){ref-type="table-fn"}
  **HW/Tibia length (g/cm)**    0.27 ± 0.02   0.30 ± 0.03[\*](#t001fn002){ref-type="table-fn"}
  **LVW/Tibia length (g/cm)**   0.20 ± 0.01   0.21 ± 0.02[\*](#t001fn002){ref-type="table-fn"}

Data presented as means ± SD. control (C) and obese (Ob) groups; n: animals numbers; Systolic blood pressure and lipid profile (*n* = 7 animals); SBP: systolic blood pressure; TG: triglycerides; T-Chol: total cholesterol; HDL: high-density lipoprotein; LDL: Low-density lipoprotein. Cardiac parameters *(C*, *n = 20; Ob*, *n = 17)*; HW: heart weight; LVW: left ventricle weight;

\*p\<0.05 versus C; Student's t-test for independent samples.

![(A) Glucose tolerance profile, (B and D) hormone serum levels and (C) homeostatic model assessment index (HOMA-IR).\
Control (C; n = 20) and obese (Ob; n = 17) groups. n = number of animals. (A) Data presented as the means ± standard deviation; Two way ANOVA for independent samples and Bonferroni's *post-hoc* analysis. (B, C and D) Values shown are median ± interquartile range; Mann-Whitney test. \*p\<0.05 *versus* C.](pone.0138605.g003){#pone.0138605.g003}

The analyses of myocardial papillary muscle function obtained at baseline condition with Ca^2+^ concentration of 2.5 mM are shown in [Table 2](#pone.0138605.t002){ref-type="table"}. Obesity did not cause functional impairment because the parameters analysed (DT, RT, +dT/dt and-dT/dt) were similar between the groups. In addition, the papillary muscle CSA showed no difference between the C and Ob rats. PRC and the effects of increasing extracellular Ca^2+^ concentration in the isolated papillary muscle function are shown in [Fig 4A--4F](#pone.0138605.g004){ref-type="fig"}. The results shown in [Fig 4C](#pone.0138605.g004){ref-type="fig"} indicate that PRC induced a greater response in -dT/dt in the C rats than in the Ob rats. The -dT/dt was significantly diminished in the obese myocardium after 30, 60 and 90 s of stimulus cessation. The mean percent of -dT/dt was 23.25 ± 13.70%, 29.46 ± 19.58%, 35.50 ± 21.71% in the baseline Ob group *vs*. 35.17 ± 13.94%, 43.26 ± 15.57%, 50.11 ± 20.97% in the baseline C group. No differences were observed between the two groups for the other parameters (DT and +dT/dt; [Fig 4A and 4B](#pone.0138605.g004){ref-type="fig"}). Increasing \[Ca^2+^\] from 0.5 to 2.5 mM promoted a greater response in -dT/dt in the C rats than in the obese rats. At calcium concentrations of 1.5 mM, 2.0 mM, and 2.5 mM, the mean percent of -dT/dt was 28.30 ± 13.13%, 29.97 ± 14.90%, and 32.37 ± 16.10%, respectively, of baseline in the Ob group *vs*. 39.03 ± 14.56%, 44.11 ± 18.93%, and 50.08 ± 24.81%, respectively, of baseline in the C group. Therefore, the myocardial dysfunction induced by impaired relaxation in the obese rats was confirmed by the lower response in -dT/dt when compared to the control group.

10.1371/journal.pone.0138605.t002

###### Baseline data from isolated muscle preparation.

![](pone.0138605.t002){#pone.0138605.t002g}

                                     Groups        
  ---------------------------------- ------------- -------------
  **DT (g/mm** ^**2**^ **)**         6.03 ± 1.77   5.30 ± 1.15
  **RT (g/mm** ^**2**^ **)**         0.94 ± 0.33   0.88 ± 0.37
  **+dT/dt (g/mm** ^**2**^ **/s)**   71.0 ± 21.7   63.9 ± 14.4
  **-dT/dt (g/mm** ^**2**^ **/s)**   23.9 ± 5.6    22.5 ± 5.0
  **CSA (mm** ^**2**^ **)**          1.07 ± 0.26   1.21 ± 0.28

Values expressed as mean ± SD. n = number of animals. C: control; Ob: obese; Baseline condition: 2.5 mM \[Ca^2+^\]. DT: maximum developed tension normalized per cross-sectional area of the papillary muscle; RT: resting tension normalized per cross-sectional area of the papillary muscle; peak of the positive (+dT/dt) and negative (-dT/dt) tension derivatives normalized per cross-sectional area of the papillary muscle; CSA: cross-sectional area. Student's t-test for independent samples.

![(A, B and C) Post-rest contraction (PRC) and (D, E and F) effects of increasing extracellular Ca^2+^ concentration in papillary muscles from control (white bars) and obese rats (cross-hatched bars).\
Baseline calcium concentration (0.5 mM) is presented as 100%. Maximum developed tension normalised per cross-sectional area \[DT, g/mm^2^\] and positive \[+dT/dt, g/mm^2^/s\] and negative \[-dT/dt, g/mm^2^/s\] tension derivative normalized per cross-sectional area of the papillary muscle. Data presented as the mean percent of baseline ± standard deviation.\*p \< 0.05 *versus* C. Repeated-measures two-way ANOVA and Student-Newman-Keuls *post-hoc t*est.](pone.0138605.g004){#pone.0138605.g004}

The effects of *β*-adrenergic stimulation on the papillary muscle function are shown in [Fig 5A--5C](#pone.0138605.g005){ref-type="fig"}. For all investigated parameters, the myocardium from the Ob group did not exhibit differences in response to β-adrenoceptor stimulation (isoproterenol) when compared to the C rats ([Fig 5A--5C](#pone.0138605.g005){ref-type="fig"}). A minor focal response was observed in -dT/dt in the Ob rats compared with the C rats ([Fig 5C](#pone.0138605.g005){ref-type="fig"}). The -dT/dt in the Ob group was greater than in the C group after stimulation by isoproterenol (10^−7^ M) ([Fig 5C](#pone.0138605.g005){ref-type="fig"}). At the isoproterenol stimulation of 10^−7^ M, the mean percent of -dT/dt was 43.02 ± 18.89% of baseline in the Ob group *vs*. 28.46 ± 16.56% of baseline in the C group.

![(A, B and C) Effects of increasing isoproterenol concentration in papillary muscles (10^*−7*^ to 10^−5^ M) and (D, E and F) protein expression of β-adrenergic receptors (β-AR) and stimulatory G-protein (G~s~α) from control (white bars) and obese rats (cross-hatched bars).\
Baseline calcium concentration (1.0 mM) is presented as 100%. Maximum developed tension normalised per cross-sectional area \[DT, g/mm^2^\] and positive \[+dT/dt, g/mm^2^/s\] and negative \[-dT/dt, g/mm^2^/s\] tension derivative normalized per cross-sectional area of the papillary muscle. D: β~1~AR, E: β~2~AR and F: G~s~α. (A, B and C) Data presented as the mean percent of baseline ± standard deviation; Repeated-measures two-way ANOVA and Student-Newman-Keuls *post-hoc* test. (D, E and F) Values shown are mean ± standard deviation; Student's t-test for independent samples (D, E and F).\*p \< 0.05 *versus* C.](pone.0138605.g005){#pone.0138605.g005}

The myocardial levels of β-adrenergic receptors (βAR), β~1~AR and β~2~AR, and stimulatory G-protein (G~s~α) were assessed to determine the mechanism for β-adrenergic system-induced changes on cardiac function in the obesity models. [Fig 5D--5F](#pone.0138605.g005){ref-type="fig"} show that obesity did not change the protein levels of β~1~AR (C: 1.00 ± 0.5 *vs*. Ob: 0.95 ± 0.21), β~2~AR (C: 1.00 ± 0.15 *vs*. Ob: 1.06 ± 0.16) and G~s~ *α*. (C: 1.00 ± 0.18 *vs*. Ob: 0.88 ± 0.14). Thus, these results indicated that βARs (β~1~AR and β~2~AR) and G~s~α, components of the β-adrenergic system, were not associated with myocardial dysfunction induced by obesity.

Discussion {#sec020}
==========

The adverse effects of obesity have been extensively studied in experimental models \[[@pone.0138605.ref009],[@pone.0138605.ref010],[@pone.0138605.ref049],[@pone.0138605.ref050]\]. Interestingly, although several mechanisms have been postulated to identify obesity-induced cardiac dysfunction, little information is available on the relationship between cardiac function and the β-adrenergic system in obesity. The major finding in the current study was that the cardiac dysfunction in the Ob rats induced by unsaturated high-fat diet, after 15 weeks, was not related to β-adrenergic system impairment.

In this study, the unsaturated high-fat diet used was of sufficient intensity and duration to promote obesity in the experimental time period of 15 weeks. According to the literature, fat-enriched diets have been used for decades to model obesity in rodents \[[@pone.0138605.ref009], [@pone.0138605.ref010], [@pone.0138605.ref051]\]. The initial moment of obesity occurred in the third week of experimental treatment and the evolution of adiposity remained for more 15 weeks. These results confirm the development of a consistent obesity model in rodents induced by a high unsaturated fat diet. The development of obesity was characterised by significant differences in body weight, fat pads, body fat and adiposity index in the Ob rats compared to the control rats. Although the Ob rats manifested a modest but significant 15.2% increase in total body weight, they developed substantially more adipose tissue than the C rats (97%). Moreover, the adiposity index, an important determinant of obesity, was elevated by 73.3% in the Ob rats compared to the C rats. Authors have reported that diets containing ≥ 30% of energy from fat favours the induction of obesity, demonstrating a positive relationship between levels of dietary fat and the increase in fatty tissue deposits \[[@pone.0138605.ref052]--[@pone.0138605.ref054]\].

The Ob animal model in this study also presented many disorders that resemble the human comorbidities caused by obesity, such as hypertriglyceridaemia, glucose intolerance, insulin resistance and hyperleptinemia. Furthermore, there was a trend for insulin levels to be greater in obese animals (p = 0.06), indicating the hyperinsulinemia. Consistent with previous investigations, the high-fat diet used in this study was effective at promoting numerous comorbidities associated with short-term obesity \[[@pone.0138605.ref010], [@pone.0138605.ref050]\]. One important aspect of this study is the absence of hypertension in our obesity rodent model. Nascimento et al. \[[@pone.0138605.ref055]\] evaluated the vascular abnormalities in high-fat diet-induced obesity after 30 weeks. These authors found that the improvement of endothelial relaxation concomitantly increased the bioavailability of nitric oxide (NO), an important vasodilator. The increase of NO synthesis may be a consequence of the hyperinsulinemia and hyperleptinemia observed in obese animals \[[@pone.0138605.ref055]\]. Therefore, this factor may have been decisive in the absence of hypertension in obesity rodents.

The morphological analysis *post-death* in the current study revealed that obesity induced mild cardiac hypertrophy visualized by increased total heart and left ventricle. This initial process of cardiac remodeling may be regarded as a first step in the sequence of adaptive responses of the heart to stress caused by a large number of physiological and pathological conditions as changes in volume and pressure loads and/or metabolic alterations \[[@pone.0138605.ref056]--[@pone.0138605.ref058]\]. Rider et al. \[[@pone.0138605.ref059]\] proposed that cardiac remodeling is an adaptive characteristic of obesity. Thus, obesity-induced changes in cardiac structure may be elicited directly by obesity-induced increases in cardiac loading conditions (preload and afterload) or indirectly by obesity-induced cardiometabolic abnormalities such as dyslipidaemia and insulin resistance/diabetes \[[@pone.0138605.ref060],[@pone.0138605.ref061]\]. The literature reports that the insulin resistance induced by obesity with associated hyperinsulinaemia could promote cardiac remodelling via the growth-promoting properties of insulin or by attenuating the anti-apoptotic signalling of the phosphatidylinositol 3\'-kinase (PI3K)- Akt (protein kinase B \[PKB\]) pathway elicited by insulin receptor activation \[[@pone.0138605.ref059],[@pone.0138605.ref061]\]. In addition to insulin, the literature also highlights that leptin induces cardiomyocyte hypertrophy in rodents \[[@pone.0138605.ref062]\]. Thus, hyperleptinemia presented by Ob animals may promote the activation of Ras homolog gene family, member A (RhoA)/Rho-associated coiled-coil-forming protein kinase (ROCK) and p38 mitogen-activated protein kinase (MAPK) protein translocation to the nucleus by its receptor, resulting in cardiomyocyte hypertrophy \[[@pone.0138605.ref063],[@pone.0138605.ref064]\]. Our data are in agreement with previous findings that have shown cardiac remodelling in rats with high-fat diet induced by short-term obesity \[[@pone.0138605.ref009],[@pone.0138605.ref010]\].

Functional studies performed using isolated papillary muscle allowed us to analyse myocardial function at baseline and after various interventions. The present study showed that obesity after 15 weeks did not change the myocardial function under baseline conditions because all the functional parameters were similar between groups. However, obesity caused damage in-dT/dt after Ca^2+^ stimulation and PRC, altering the relaxation phase. These stimuli provide evidence that the impairment of myocardial function assigned to obesity was related to changes in intracellular Ca^2+^ handling, mainly in the recapture and/or extrusion of cytosolic Ca^2+^ \[[@pone.0138605.ref018]\]. One explanation for such a result is that the activity and/or levels of sarcoplasmic reticulum (SR) Ca^2+^-ATPase (SERCA2a) may be compromised by obesity; however, previous studies realised in our laboratory demonstrated that SERCA2a is not damaged, but the authors found a reduced phospholamban (PLB) phosphorylated at serine^16^ \[[@pone.0138605.ref036]\].

Thus, relaxation impairment in obese rats may be related to PLB phosphorylation of Ser^16^ and Thr^17^ by PKA or CaMKII impairment, provided that both are physiologically relevant for controlling SERCA2a activity \[[@pone.0138605.ref065]--[@pone.0138605.ref067]\]. However, the major stimulus for controlling PLB activity is related to the β adrenergic system, since it PLB phosphorylation at serine^16^ regulates SERCA2a activity, which may hampering or not recapturing Ca^2+^ from sarcoplasmic reticulum. This injury is related to lusitropic damage to cardiac tissue \[[@pone.0138605.ref068]\]. The transcription signal or signals responsible for triggering the actions of the β-adrenergic system grafting occur because catecholamines or adrenergic agonists bind to their receptors, acting as first messenger in the β-adrenergic pathway. These extracellular stimuli mediated by the action of G~s~α protein binding and the action on adenylate cyclase regulates the concentration of intracellular cAMP (second messenger) in this signalling cascade. The accumulation of the second messenger activation of protein kinase A (PKA) is responsible for the phosphorylation of key proteins in the intracellular Ca^2+^ handling. This cascade of events leads to changes in the activity of proteins including L-type calcium channels \[[@pone.0138605.ref026],[@pone.0138605.ref069]\], phospholamban \[[@pone.0138605.ref070]\], troponin I \[[@pone.0138605.ref071]\] and ryanodine receptors \[[@pone.0138605.ref072]\], altering cardiac function \[[@pone.0138605.ref022]\]. Thus, the adrenergic stimulation increases the inotropy (contractile force), chronotropy (heart rate), dromotropy (excitation conductance), bathmotropy (decrease in threshold of excitation) and lusitropy (relaxation) of cardiac tissue \[[@pone.0138605.ref068]\].

In the current literature, few studies have evaluated the βA components in experimental models of obesity induced by high-fat diet \[[@pone.0138605.ref034],[@pone.0138605.ref035],[@pone.0138605.ref073]--[@pone.0138605.ref076]\]. Some studies have shown that cardiac function impairment is related to βA system changes \[[@pone.0138605.ref035],[@pone.0138605.ref073],[@pone.0138605.ref074]\], while others researchers have not reported reduced βA response \[[@pone.0138605.ref034],[@pone.0138605.ref049],[@pone.0138605.ref075],[@pone.0138605.ref076]\]. One explanation for these discrepancies and divergent data existing literature about obesity and βA system may be related to leptin levels, type of diet, animal model utilized and catecholamine levels \[[@pone.0138605.ref049],[@pone.0138605.ref073]--[@pone.0138605.ref075],[@pone.0138605.ref077],[@pone.0138605.ref078]\]. Meanwhile, it is still unclear whether obesity induced by high-fat diets leads to a reduction in the number of β-adrenergic receptors and/or defects of other components of the β-adrenergic pathway, resulting in cardiac impairment. Carroll et al. \[[@pone.0138605.ref034],[@pone.0138605.ref035]\] assessed obese female rabbits for 12 weeks and showed a reduction of cardiac contractile response to β-adrenergic stimulation but no change in affinity and density of receptors. Leopoldo et al. \[[@pone.0138605.ref014]\] evaluated obese animals fed a high-fat diet for 15 weeks and suggested that the impairment of L-type Ca^2+^ channels is related to β-adrenergic system downregulation. Lima-Leopoldo et al. \[[@pone.0138605.ref036]\] showed that long-term obesity promotes alterations in diastolic function induced by a reduction of phospholamban phosphorylation at serine^16^. The authors also suggest that the impairment of PLB phosphorylation at serine^16^ in obese rats may be related to βA system downregulation.

Alterations in *β*-adrenergic signalling can occur directly at the receptor level (through altered gene expression or receptor protein concentration) or at the post-receptor level as PKA, adenylyl cyclase activation, cyclic AMP, CaMKII, for example \[[@pone.0138605.ref032],[@pone.0138605.ref034],[@pone.0138605.ref079]\]. However, in disagreement with our hypothesis, the β-adrenergic system did not affect the myocardial function in obesity because there was no difference in the β-adrenergic receptors (β~1~AR and β~2~AR) and stimulatory G-protein (G~s~α). The downregulation activation in obesity could be associated to damage of β-adrenergic signaling into a cascade of biochemical reactions that coordinate cellular responses \[[@pone.0138605.ref020]\]. The phosphorylation of the receptor is an effective mechanism to modulate the responsiveness of the β-adrenoceptor mediated signal transduction cascade \[[@pone.0138605.ref080]\]. Thus, the uncoupling of both subtypes of the β receptor could occur due to phosphorylation by PKA, PKC, and by members of the G-protein coupled receptor kinase (GRK) family, also known as βARKs or β-adrenergic receptor kinases \[[@pone.0138605.ref032]\]. In addition, the downstream intracellular mechanisms involve phosphorylation of numerous substrates by PKA. These targets include regulatory proteins, nuclear transcription factors, ion channels particularly the L-type calcium channel, and metabolic regulatory enzymes as Serca2a \[[@pone.0138605.ref032]\]. Thus, in the current study, the impairment of myocardial function in the relaxation phase could be related to PLB phosphorylation of Ser^16^ and Thr^17^ by PKA, so post-β receptor components of the β-adrenergic system would be participating. In this context, phospholamban negatively regulates the uptake of calcium by the SR, and a deficiency of PLB phosphorylation can promote impaired left ventricular diastolic performance due to SERCA2a activity damage, resulting in lower recapture and/or extrusion of cytosolic Ca^2+^. Several authors report that cAMP concentration and PKA phosphorylation are mechanisms that are potentially responsible for changes in the myocardial Ca^2+^ handling \[[@pone.0138605.ref017],[@pone.0138605.ref018],[@pone.0138605.ref062]\]. Carroll et al. \[[@pone.0138605.ref081]\] demonstrated that there was a defect in the cardiac myocyte post-β-receptor signalling pathway in the isolated hearts of obese rabbits. This finding was evidenced by reduced peak pressure +dP/dt, and -dP/dt responses to forskolin stimulation. Another study observed a decrease in PKA activity in *ob/ob* mice, suggesting that the alterations in cardiac performance may be associated with the activity of PLB and/or its phosphorylation, thus altering the Ca^2+^ handling, with consequent myocardial dysfunction \[[@pone.0138605.ref082]\]. In contrast, Paulino et al. \[[@pone.0138605.ref049]\] did not find alterations in PKA expression or activity in rats fed a high-fat and high-sucrose diet for 25 weeks.

One alternative explanation for such a result is that the hormonal responsible for modulation of the β-adrenergic system, directly or indirectly, were not impaired by obesity. Previous study has shown the role of leptin on the modulation of the β-adrenergic system \[[@pone.0138605.ref081]\]. Minhas et al. \[[@pone.0138605.ref082]\] observed that leptin deficiency, mediated by disruption of signal transduction system, promotes the β-adrenergic depression of myocyte contractility in *ob/ob* mice. The authors observed functional impairment of β-adrenergic response with concomitant decrease in the expression of G~s~α protein; however, changes in the protein expression of the β~1~AR and β~2~AR were not found. The leptin repletion restores depressed β-adrenergic contractility \[[@pone.0138605.ref082]\]. However, in the current study, the absence of β-adrenergic damage may be due to the hyperleptinemia caused by obesity; no studies have evaluated the resistance to leptin on the β-adrenergic system.

In summary, the myocardial dysfunction caused by obesity, after 15 weeks, was not related to *β*-adrenergic system impairment at the receptor-signalling pathway. Future studies are needed to investigate the influence of obesity induced by an unsaturated high- fat diet on post-β receptor components of the β-adrenergic system and evaluate the catecholamine levels in these obesity models.
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